, and in rat liver the cytosolic isoenzyme predominates. The crude enzyme from rat liver cytosol is activated by millimolar concentrations of Mg2+ ions and is further activated by low concentrations of bivalent transition-metal ions, of which Fe2+ is the most effective (Snoke et al., 1971) .
Purification of the enzyme causes loss of most of the activation by Fe2+ ions, and a cytoplasmic protein factor, phosphoenolpyruvate carboxykinase ferroactivator, was shown to restore this response . Evidence is presented here that ferroactivator acts by protecting the enzyme from inactivation when the enzyme is preincubated with Fe2+ ions, rather than by altering the kinetic properties of the enzyme.
Materials and Methods
Substrates, nucleotides, dithiothreitol, malate dehydrogenase, lactate dehydrogenase and pyruvate kinase were supplied by Sigma (London) Ltd. or Boehringer Corp. (London) Ltd.
Phosphoenolpyruvate carboxykinase was from the 1000OOg supernatant of 24 h-starved rats; 'crude' enzyme was a 45-65%-satd.-(NH4)2SO4 fraction of specific activity 0.032 unit/mg of protein (Ballard & Hanson, 1969) . Purified enzyme was prepared either by the method of Ballard & Hanson (1969) up to the DEAE-cellulose-chromatography step (specific activity 1.5 units/mg), or was carried on to near-homogeneity (specific activity 6.7 units/ mg) (Philippidis et al., 1972) , and was dialysed before use against 50mM-Tris/HCI/0.1 mm-EDTA/0.5 mM-dithiothreitol buffer, pH 7.5 at 2-40C. Both purified preparations appeared devoid of ferroactivator Bentle & Lardy, 1977) and behaved identically in metal-activation experiments with or without preincubation. Enzyme activity was routinely measured at 250C by the reduction of NADH (0.15 mM) in 1 ml of 0.1 M-imidazole/HCl buffer (final pH 6.9-7.1) (Ballard & Hanson, 1967) , containing 1.5 mM-phosphoenolpyruvate, 1.25 mM-IDP, 50mM-NaHCO3, 5 units of malate dehydrogenase, 2 mM-MnCl2 and 1 mM-dithiothreitol; the activity of crude enzyme was also determined by fixation of ['4C]bicarbonate (2,Ci) (Ballard & Hanson, 1967) . For testing transition metals, MnCl2 was replaced by 3 mM-MgCl2 and dithiothreitol was omitted.
Phosphoenolpyruvate-synthesis assays were as described by , with the addition of 15 mM-NaF (Pogson & Smith, 1975) at 250C. Preincubations, when performed, were at 0°C and 10min unless otherwise specified; 0.1 ml of preincubation mixture was added to 0.9 ml of assay reagents (gluconeogenic direction), or 50,ul to 0.95 ml (carboxylation direction). The amount of enzyme used was 0.005-0.02 unit/assay, unless otherwise stated.
Phosphoenolpyruvate carboxykinase ferroactivator (from non-perfused rat livers) was partially purified from 100OOOg supernatant by heat treatment and Sephadex G-100 gel filtration (Bentle & Lardy, 1977) . A major fraction (A), and a minor fraction (B), of lower molecular weight, were isolated.
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Protein was measured by the u.v.-absorption method of Warburg & Christian (1941) , as described by Dawson et al. (1969) .
Results
Fe2+ ions (and also Mn2+ and Co2+) activate purified phosphoenolpyruvate carboxykinase when enzyme is added to mixtures of substrates containing MgCl2 (Fig. 1) , in either direction of catalysis. Crude enzyme gave similar results, and so did purified enzyme to which partially purified ferroactivator was added. Table 1 compares activity after preincubation with Fe2+ ions and direct addition to the assay mixture; preincubation leads to some loss of activity in Hepes [4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid] buffer, and to further loss of activity in the presence of Fe2+ ions. In other experiments, assays in the carboxylation direction with 2 mM-MnCl2 or with 3 mM-MgCl2 + 50#uM-FeCl2 showed inactivation to have taken place on preincubation of purified enzyme (but not of crude enzyme) with Fe2+ ions.
The inactivation was time-dependent when measured in the direction of phosphoenolpyruvate synthesis (Fig. 2a) or of carboxylation (Fig. 2b) . Phosphate potentiated the inactivation by Fe2+ ions, in accordance with previous studies , 1977 . In contrast, crude enzyme, which would also contain ferroactivator, was almost completely stable (Fig. 2c) .
[Metal] (pM) [Metal] (uM) by Fe2+ ions Preincubations were at 0°C in 60p1 total volume and contained 5 mM-Hepes buffer, pH 7.6, 0.8 mmdithiothreitol, lOO,uM-FeCl2, 0.83 mM-sodium phosphate, 17,pM-EDTA, ferroactivator solution as indicated, and 0.048 unit of purified (1.4 units/mg) phosphoenolpyruvate carboxykinase. After 10min, 50pl was used to initiate the carboxylation enzyme assay. 0, Ferroactivator fraction A (147mg/ml); A, ferroactivator fraction B (3.75 mg/ml). Both ferroactivator solutions contained 0.1 mM-EDTA. Assay rates are corrected for traces of phosphoenolpyruvate carboxykinase activity present in the ferroactivator preparations.
Progress curves in the carboxylation assay were usually linear for at least 2min even in the presence of Fe2+, and so substrates probably protect the enzyme from inactivation.
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Purified enzyme could be protected from inactivation by Fe2+ ions and Pi when partially purified ferroactivator was present (Fig. 3) . The effects are dose-dependent, but the protection is not complete under these conditions.
Discussion
Our most highly purified preparation of phosphoenolpyruvate carboxykinase had a specific activity of 6.7units/mg for carboxylation at 250C. This compares well with literature values for this purification method [e.g. 5units/mg for the preparation used by , which they described as nearly homogeneous on polyacrylamide gels], but is well below the value of 18units/mg obtained by using a GTP affinity column. Both this and the less highly purified preparation (1.5units/mg) appeared devoid of ferroactivator protein: they were both inactivated when preincubated with Fe2+ ions, with or without phosphate. Each preparation had been chromatographed on both Sephadex G-100 and DEAE-cellulose, and each of these processes should separate the enzyme from ferroactivator .
The results described above show that purified phosphoenolpyruvate carboxykinase can be strongly activated by Fe2+ ions in the gluconeogenic direction, in the absence of ferroactivator. Activation in the carboxylation direction has been reported by and Hammond & Balinsky (1978) . Earlier studies used preincubation with Fe2+ ions and ferroactivator to produce activation Bentle & Lardy, 1977; ; however, the results presented here show that the enzyme is partially inactivated in vitro by incubation with Fe2+ ions, but is protected by protein fractions with ferroactivator activity. So the higher activity in the presence of ferroactivator is not due to activation in the presence of ferroactivator; rather, it is due to Fe2+_ induced inactivation in the absence of ferroactivator. Ferroactivator causes no significant changes in kinetic properties of the enzyme without preincubation (Reynolds, 1979a,b) However, phosphoenolpyruvate carboxykinase may be in a dynamic equilibrium between inactive enzyme, whose formation is catalysed by Fe2+, and re-activated enzyme, which may be formed by reaction with thiols. Hebda & Nowak (1978) reported that thiols re-activated chicken phosphoenolpyruvate carboxykinase, and age-inactivated rat liver enzyme can be slowly re-activated by over-night dialysis against buffer containing dithiothreitol (C. H. Reynolds, unpublished work). If such a dynamic equilibrium exists, then ferroactivator may affect the equilibrium, favouring active enzyme. Ferroactivator may also have a function unrelated to phosphoenolpyruvate carboxykinase; it is present in tissues where this enzyme is low or absent, such as erythrocytes .
The hyperglycaemic agent 3-aminopicolinic acid, which has been reported to activate pure phosphoenolpyruvate carboxykinase in a manner analogous to the protein ferroactivator , protects the enzyme very effectively from inactivation by Fe2+ ions and Pi (Reynolds, 1979a);  this is probably attributable in part to chelation of Fe2+ ions.
